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Abstract
The human kidneys filter 180 l of blood every day via about 2.5 million glomeruli. The three layers of the glomerular filtration apparatus
consist of fenestrated endothelium, specialized extracellular matrix known as the glomerular basement membrane (GBM) and the podocyte foot
processes with their modified adherens junctions known as the slit diaphragm (SD). In this study we explored the contribution of podocyte β1
integrin signaling for normal glomerular function. Mice with podocyte specific deletion of integrin β1 (podocin-Cre β1-fl/fl mice) are born normal
but cannot complete postnatal renal development. They exhibit detectable proteinuria on day 1 and die within a week. The kidneys of podocin-Cre
β1-fl/fl mice exhibit normal glomerular endothelium but show severe GBM defects with multilaminations and splitting including podocyte foot
process effacement. The integrin linked kinase (ILK) is a downstream mediator of integrin β1 activity in epithelial cells. To further explore
whether integrin β1-mediated signaling facilitates proper glomerular filtration, we generated mice deficient of ILK in the podocytes (podocin-Cre
ILK-fl/fl mice). These mice develop normally but exhibit postnatal proteinuria at birth and die within 15 weeks of age due to renal failure.
Collectively, our studies demonstrate that podocyte β1 integrin and ILK signaling is critical for postnatal development and function of the
glomerular filtration apparatus.
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The glomerular endothelium, the GBM and podocyte foot
processes/slit diaphragm are three distinct components of the
filtration apparatus of the kidney. Structural and functional
insufficiency of podocytes is implicated as a key determinant in
the pathogenesis of several nephritic glomerular diseases in-
cluding focal segmental glomerulosclerosis (FSGS). Podocytes
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doi:10.1016/j.ydbio.2007.10.047actin-rich foot processes that likely interact with the glomerular
basement membrane (GBM) and play an important role in the
filtration properties of the glomerulus. Previous studies have
suggested that α3β1 integrin mediated interaction of podocytes
with the GBM is necessary for proper function of the glome-
rulus (Kreidberg et al., 1996).
Integrin β1 and the associated integrin linked kinase (ILK)
play a crucial role in cell survival, tissue homeostasis and car-
cinogenesis (Hannigan et al., 2005; Legate et al., 2006). Integrin
β1 forms at least 12 different kinds of integrins via their binding
to different α chains of the integrin family (Brakebusch et al.,
2002; Hynes, 2002). Glomerular podocytes express integrin
α3β1 and some data suggest that this integrin facilitates binding
to laminin in the GBM (Baraldi et al., 1994). Decreased ex-
pression of α3β1 integrin is demonstrated in human diabetic
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glomerulonephritis (Chen et al., 2006; Regoli and Bendayan,
1997). Integrin β1 binds to the ILK via its cytoplasmic domain
(Hannigan et al., 1996). Integrin-activated ILK induces anti-
apoptotic signals (Hannigan et al., 2005; Legate et al., 2006).
Such observations suggest that ILK mediated signaling via
integrin β1 is likely important for podocyte function.
In this report we demonstrate that specific deletion of
integrin β1 in the podocytes of mice (podocin-Cre β1-fl/fl
mice) leads to postnatal death with massive proteinuria and
podocyte defects. The GBM in the newborn podocin-Cre β1-fl/
fl mice exhibits many structural defects including multi-
laminations and splitting. Next, we demonstrate that specific
deletion of ILK in podocytes (podocin-Cre ILK-fl/fl mice) leads
to proteinuria starting at birth, the development of glomerulo-
sclerosis by 8 weeks of age and death due to renal failure by
15 weeks of age. Collectively, these results further demonstrate
a critical role for podocyte–GBM interactions mediated by β1
integrin and ILK in the normal assembly of the GBM and also
proper function of the glomerular filtration apparatus.
Materials and methods
Animals
Podocin-Cre mice were kindly provided by Dr. Jordan A. Kreidberg, at the
Children's Hospital, Boston. β1 integrin flox mice were purchased from the
Jackson Laboratory (Bar Harbor, ME). ILK-flox mice were kindly provided by
Dr. Shoukat Dedhar and Dr. Robert Gerszten. For podocyte specific deletion of
the target gene, podocin-Cre positive/heterozygous (flox/wt) mice were mated
with homozygous (flox/flox) mice. Mice were maintained at the Beth Israel
Deaconess Medical Center animal facility under standard conditions. All animal
studies were reviewed and approved by the animal care and use committee of the
Beth Israel Deaconess Medical Center.
Antibodies
Hamster anti-mouse integrin β1, β3 and rat anti-mouse integrin α3 antibody,
anti-CD31-FITC conjugated antibody and anti-fibronectin monoclonal antibody
were purchased from Becton Dickinson (Franklin Lakes, NJ). The polyclonal
anti-podocin antibody was a gift from Dr. Peter Mundel, Mount Sinai School of
Medicine, New York. The polyclonal anti-nephrin and anti-COL4A3, -COL4A4
and -COL4A5 antibodies were previously described (Sugimoto et al., 2006). Rat
anti-laminin β1, β2 and anti-entactin antibodies were purchased from
CHEMICON international (Temecula, CA). Anti-WT1 and anti-YFP polyclonal
antibodies are purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-phospho-FAKTyr397 for immunofluorescence and anti-actin antibodies
were purchased from Sigma Aldrich (St. Louis, MI). Anti-phospho-FAKTyr397
for both western blot and immunofluorescence was purchased from Invitrogen
(Carlsbad, CA). The rabbit polyclonal antibody against total FAK was
purchased from Upstate Biotechnology (Lake Placid, NY).
Immunofluorescence
Immunofluorescence was performed as previously described (Hamano et al.,
2003). Briefly, frozen sections were fixed in 100% acetone at −20 °C for 10 min.
After blocking, sections were incubated with primary antibodies for 1 h at room
temperature and subsequently labeled with secondary antibodies (Jackson
Immunoresearch, West Grove, PA).
SDS–page and western blot analysis
Samples (1 μl of urine samples or purified protein from outer cortex of
kidney with lysis buffer (Tris 50 mM PH7.5, NaCl 0.15M, SDS 0.1%, Triton X-100 1%, Deoxycholate 1% with protease inhibitor)) were denatured with SDS
sample buffer in boiling water. Denatured samples were separated on 8 or 10%
SDS–polyacrylamide gels and blotted onto polyvinylidene fluoride (PVDF)
membranes (Immobilon, Bedford, MA) by semi-dry method. The transferred
protein was visualized with Coomassie Brilliant Blue (CBB). After blocking
with TBS-T (Tris-buffered saline, 0.05% Tween 20) containing 5% non-fat milk,
the membranes were incubated with anti-WT1 (1:500 diluted), anti-podocin
(1:2000), anti-phospho FAKTyr397 (1:500), anti-total-FAK (1:1000) or anti-actin
(1:1000) antibodies room temperature 1 h (anti-WT1 and anti-podocin) or 4 °C
overnight (others). The membranes were washed three times and incubated with
1:10000 diluted horseradish peroxide (HRP)-conjugated anti-rabbit secondary
antibody (Promega, Seattle, WA) at room temperature for 1 h. The
immunoreactive bands were detected with an enhanced chemiluminescence
(ECL) detection system (Pierce Biotechnology, Rockford, IL).
Electron microscopy
Kidney tissues were fixed in 0.1 M cacodylate acid with 2% glutaraldehyde.
Electron microscopy (transmission electron microscopy: TEM and scanning
electron microscopy: SEM) was performed as previously described (Sugimoto
et al., 2006).
Detection of LacZ expression
Kidney samples (1 mm2) from 6 week old R26Rstop LacZ flox mice (Mao et
al., 1999) with or without podocin-Cre were fixed at 4 °C for 4 h in 4%
paraformaldehyde. Samples were washed 3 times with PBS pH 7.3 and then
stained overnight at 37 °C with LacZ staining buffer (1 mg/ml X-gal, 35 mM
potassium ferrocyanide, 35 mM potassium ferricyanide, 2 mM MgCl2, 0.02%
NP-40, 0.01% sodium deoxycholate in PBS). After washing with PBS pH 7.3,
samples were embedded into paraffin. Sections (10 μm) were then deparaffi-
nized and counterstained with eosin.
Detection of yellow fluorescence protein (YFP) expression
For the YFP staining, kidneys were pre-fixed overnight with 4% PFA, and
then samples were allowed to equilibrate in 30% sucrose in PBS. The fixed
samples were mounted in OCT mounting media. The frozen sections were then
blocked directly with 2% BSA PBS and then incubated with 1:200 diluted anti-
YFP antibody followed by rhodamine-conjugated secondary antibody. The
detection was performed by immunofluorescence microscopy.
Results
Podocin specific gene deletion
To demonstrate podocin specific gene deletion by Cre-
recombinase, R26Rstop LacZ flox mice were mated with
podocin-Cre mice. In the progeny, Cre-recombinase activates
the LacZ reporter gene by the excision of a stop cassette
between two loxP sites. LacZ labeling reveals that LacZ Rosa-
flox/podocin-Cre mice specifically express LacZ in the
glomerular podocytes (Fig. 1A) when compared to control
mice (Fig. 1B). To further validate this expression pattern, we
also performed similar experiments with R26Rstop EYFP
floxed mice (Srinivas et al., 2001). As in R26Rstop LacZ floxed
mice, EYFP reporter gene is induced by the excision of a stop
cassette in the presence of Cre-recombinase in the R26Rstop
EYFP flox mice. Immunofluorescence analysis clearly reveals
that podocytes in EYFP Rosa-flox/podocin-Cre mice express
YFP protein (Figs. 1C and D). These results indicate specific
activity of podocin promoter driven Cre-recombinase in
glomerular podocytes.
Fig. 2. Podocin-Cre/β1-fl/fl mice exhibit proteinuria with poor prognosis. (A, B) β1
lack of β1 integrin expression in podocytes of the glomerulus in podocin-Cre β1-f
podocin-Cre β1-fl/fl mice, markedly decreased expression of α3 integrin was obse
samples from postnatal day1 (P1) mice are used. (E) Survival curve of podocin-Cre β
β1-fl/fl mice by SDS–page. (G) Detection of WT1 and podocin protein in the urine b
Schiff (PAS) staining of kidney from P1 mice. Arrows in panel H indicate defective as
mice in each group is shown.
Fig. 1. Podocyte specific expression of Cre-recombinase. (A–B) LacZ staining for
R26RStop LacZ flox mice with (podCRE(+) LacZ flox) or without (podCRE(−)).
The podocin-Cre transgene clearly shows podocyte specific expression of LacZ.
(C–D) YFP expression in R26RStop EYFP flox/podocin-Cre mice (podCre(+)
YFP flox). Protein expression of YFP was detected with anti-YFP antibody
followed by Rhodamine conjugated secondary antibody. Merged images
(Rhodamine plus DAPI) are shown. Star in picture (D) indicates glomerulus.
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The expression of β1 integrin in glomerular podocytes and
capillary walls is absent in podocin-Cre β1-fl/fl mice (Figs. 2A
and B). The α3 integrin associates with β1 integrin in glo-
merular podocytes to form integrin α3β1 (Baraldi et al., 1994).
Immunofluorescence analysis reveals that β1 integrin deletion
in the glomerular podocytes results in a significant loss of α3
integrin expression in the podocytes, with some expression
observed on non-podocyte cell types such as endothelial cells
(Fig. 2C). In the control mice, α3 integrin expression is noted in
the podocytes and also possibly the endothelial area (Fig. 2D).
In this regard, integrin α3β1 expression has also been
demonstrated in the endothelial cells (Yanez-Mo et al., 1998).
The podocin-Cre β1-fl/fl mice are born in an expected
Mendelian ratio but do not survive past 1 week of postnatal
age (Fig. 2E). The podocin-Cre β1-fl/fl mice exhibit significant
proteinuria starting on day 1 after birth (P1) (Fig. 2F). Addi-
tionally, Wilm's tumor protein-1 (WT1) and podocin, podocyte
specific protein in the kidney, were detected specifically in the
urine of podocin-CRE β1-fl/fl mice by western blot analysis
(Fig. 2G). Histological analysis by light microscopy of
the kidney tissue reveals glomerular disease with defectiveintegrin expression in podocyte. Merged images (with podocin) clearly show a
l/fl mice (podCRE(+) β1fl/fl). (C, D) α3 integrin expression in glomerulus. In
rved. Representative results from 3 mice in each group are shown. The kidney
1-fl/fl mice and control mice. (F) Urinary protein excretion at P1 in podocin-Cre
y western blot analysis using the same membrane as panel F. (H, I) Periodic Acid
sociation of podocyte foot process with the GBM. Representative picture from 5
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Cre β1-fl/fl mice (Figs. 2H and I). Interestingly, such lesions are
not found in embryonic kidneys of podocin-Cre β1-fl/fl mice
(data not shown). These results suggest that podocyte defects in
the podocin-Cre β1-fl/fl mice first emerge at birth but not
during prenatal development, which eventually leads to death
within the first week of postnatal life. All other tissues examined
in these mice were normal (data not shown).
Loss of podocyte foot processes in podocin-Cre β1-fl/fl mice
To obtain further insight into the renal pathology associated
with the podocin-Cre β1-fl/fl mice, we evaluated the expression
of several podocyte slit diaphragm associated proteins andFig. 3. Podocyte slit diaphragm proteins and basement membrane components expre
nephrin, (C, D) podocin, (E–J) collagen type IV α3–5, (K–N) laminin β1–2, (O, P
podocin-Cre β1-fl/fl mice. The representative results of podocin-Cre β1-fl/fl mice (po
shown. The kidney samples from P1 mice are used. (S, T) Compensatory upregulati
results from 2 embryos (E 18.5) in each group are shown.glomerular matrix components by indirect immunofluores-
cence. In the podocin-Cre β1-fl/fl mice, nephrin and podocin
expression was weak and patchy when compared to the
littermate control mice at P1 (podocin-Cre(−) β1-fl/fl mice)
(Figs. 3A–D). GBM components, such as collagen type IV α3,
α4 and α5 chains (Figs. 3E–J), were localized mainly in the
GBM of the podocin-Cre β1-fl/fl mice, whereas laminin β1
chain, which normally expresses in the mesangium of the
normal matured glomeruli, expresses in the GBM of podocin-
Cre β1-fl/fl mice (Figs. 3K and L), suggesting that matrix
assembly and maturation of GBM are disrupted in podocin-Cre
β1-fl/fl mice. Laminin β2 expresses with normal pattern in the
GBM of all groups of mice (Figs. 3M and N). The expression
and distribution of entactin and endothelial marker CD31 revealssion in the podocin-Cre β1-fl/fl mice. Immunofluorescence analysis for (A, B)
) entactin and (Q, R) CD31. Laminin β1 is localized distinctly along GBM in
dCRE(+) β1fl/fl) and control (podCRE(−) β1fl/fl) from 3 mice in each group are
on of integrin β3 in podocytes of podocin-Cre β1-fl/fl mice. The representative
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evaluate compensation by other integrins on the podocytes due
to the absence of integrin β1, we evaluated the distribution
of integrin β3. Integrin β3 is normally expressed on the glo-
merular endothelial cells, whereas in the podocin-Cre β1-fl/fl
mice integrin β3 expression is also observed on the podocyte
(Figs. 3S and T).
Ultrastructural analysis of the glomerulus by TEM reveals a
multilaminated GBM with extensive splitting and abnormal
assembly (Figs. 4A and B). Lower number of mature foot
processes was detected in the podocin-Cre β1-fl/fl mice by
SEM analysis (Figs. 4C and D). These results indicate that
deletion of integrin β1 in the glomerular podocyte results in
podocyte insufficiency and also in the emergence of abnormal
GBM. This observation prompted us to further explore the role
of integrin β1-mediated signaling in the normal function of the
kidney glomerulus. Hence, we next focused on the role of ILK
in the glomerular podocyte.
Podocin-Cre ILK-fl/fl mice develop focal segmental
glomerulosclerosis
ILK binds directly to the intracellular domain of integrin β1
and mediates outside-in signaling to facilitate cell survival
(Hannigan et al., 1996). To evaluate the role of integrin β1-
mediated intracellular signaling in the podocytes, we deleted
ILK in glomerular podocytes. The podocin-Cre ILK-fl/fl mice
exhibit proteinuria at birth and die between the age of 4 and
15 weeks (Fig. 5A). By gross examination, starting at 4 weeks
of age, the kidneys look small and pale (Fig. 5B). Proteinuria is
detected from P1 (Fig. 5C) and increases with time until their
death at 15 weeks of age (Fig. 5D). From 1 week of age, WT1Fig. 4. Ultrastructural analysis of the glomerulus in the podocin-Cre β1-fl/fl mice. (A
severe multilamination in podocin-Cre β1-fl/fl mice. All of GBM in the glomerulus of
microscope (SEM) analysis. In panel C, formation of podocyte foot process was sever
Cre β1-fl/fl mice (podCRE(+) β1fl/fl) and control (podCRE(−) β1fl/fl) from 2 micprotein was detected in the urine of podocin-Cre ILK-fl/fl mice
(Fig. 5E). Podocin, a podocyte specific protein in the kidney,
was also detected in the urine of podocin-Cre ILK-fl/fl mice
starting from 2 weeks of age (Fig. 5E).
Histological analysis of podocin-Cre ILK-fl/fl mice by light
microscopy shows normal kidneys at birth, but starting at
4 weeks of age, progressive focal segmental glomerulosclerosis
with associated tubulo-interstitial damage is observed (Fig. 5F).
At 2 weeks of age, the expression of slit diaphragm proteins
nephrin and podocin is normal in the podocin-Cre ILK-fl/fl
mice when compared to the littermate control mice (podocin-
Cre(−) ILK-fl/fl mice) (Figs. 6A–D). The expression of type IV
collagen is the same in all groups of mice (Figs. 6E–J). Laminin
β1, which is expressed in the mesangial area but absent in the
GBM of the control mice, is significantly induced in the GBM
of the podocin-Cre ILK-fl/fl mice (Figs. 6K and L), while the
expression of laminin β2 is the same in all groups of mice (Figs.
6M and N). Entactin expression is also the same in all groups of
mice (Figs. 6O and P). Endothelial marker CD31 expression
was decreased in podocin-Cre ILK-fl/fl mice (Fig. 6Q),
compared with control mice (Fig. 6R).
Fibronectin accumulates during the progression of glome-
rulosclerosis (Sharma and Ziyadeh, 1994). Fibronectin protein
expression was induced along the glomerular capillary walls in
podocin-Cre ILK-fl/fl mice (Fig. 6S) but not in the control mice
(Fig. 6T). Ultrastructural analysis reveals that podocin-Cre ILK-
fl/fl mice exhibit occasional effacement of glomerular foot
processes at P1 (Figs. 6U and V). There was insignificant
difference between the GBM structure of podocin-Cre ILK-fl/fl
mice and control mice at P1 (Figs. 6U and V). However, at
2 weeks of age, podocin-Cre ILK-fl/fl mice exhibit significant
nodular thickening of the GBM, when compared to control mice, B) Transmission electron microscopy (TEM) analysis. Arrows in panel A show
podocin-Cre β1-fl/fl showed multilamination in GBM. (C, D) Scanning electron
ely disrupted in podocin-Cre β1-fl/fl mice. The representative results of podocin-
e in each group are shown. The kidney samples from P1 mice were used here.
Fig. 5. Focal segmental glomerulosclerosis in the kidneys from podocin-Cre ILK-fl/fl mice. (A) Survival curve of podocin-Cre ILK-fl/fl mice (podCRE(+) ILKfl/fl)
and control mice (podCRE(−) ILKfl/fl). (B) Gross appearance at 4 weeks of age podocin-Cre ILK-fl/fl mice or control mice. Podocin-Cre ILK-fl/fl mice have pale and
atrophic kidneys compared to control mice. (C) Urinary albumin excretion at postnatal (P1) in podocin-Cre ILK-fl/fl mice. (D) Progressive urinary albumin excretion
in podocin-Cre ILK-fl/fl mice. (E) Detection of WT1 and podocin protein in urine by western blot analysis on the same membrane as panel D. (F) Progressive focal
segmental glomerulosclerosis in podocin-Cre ILK-fl/fl mice. At 4 weeks of age, progressive FSGS with interstitial alteration was developed in podocin-Cre ILK-fl/fl
mice. The arrow in the panel of 4 weeks aged podocin-Cre ILK-fl/fl mice showed segmental lesions (×630). Star in same panel shows normal glomerulus. The
representative results of podocin-Cre ILK-fl/fl mice and control from 3 mice in each group are shown.
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glomeruli shows microvillous formation in podocin-Cre ILK-fl/
fl mice (Figs. 6Y and Z).
Focal adhesion kinase (FAK) activation in podocin-CRE
ILK-fl/fl mice
FAK controls actin reorganization and cell–cell or cell–
matrix adhesion downstream of integrin β1 (Dedhar andHannigan, 1996). Therefore, we evaluated FAK activation in
podocytes with disrupted ILK signaling. Immunofluorescence
study reveals that phosphorylated FAKTyr397 is induced and
elevated in the glomerulus, including the podocytes, of the
podocin-Cre ILK-fl/fl mice when compared to control mice
(Figs. 7A–E). Such increased phosphorylation of FAK is not
observed in podocin-CRE β1-fl/fl mice (data not shown).
Also, total FAK expression is also increased in the podocytes
of podocin-Cre ILK-fl/fl mice (Figs. 7F and G). Western
Fig. 6. Podocyte slit diaphragm proteins and basement membrane components expression in the podocin-Cre ILK-fl/fl mice. Immunofluorescence analysis for (A, B)
nephrin, (C, D) podocin, (E–J) collagen type IV α3–5, (K–N) laminin β1–2, (O, P) entactin, and (Q, R) CD31. (S, T) Fibronectin (red) co-stained with WT1 (green).
In panels K–L, it is clear that laminin β1 is localized in GBM in podocin-Cre ILK-fl/fl mice but not in the control mice. The representative results of podocin-Cre ILK-
fl/fl mice (podCRE(+) ILKfl/fl) and control (podCRE(−) ILKfl/fl) from 3 mice in each group are shown. The kidney samples from 2-week-old mice were used here
(A–T). (U, V) TEM analysis in P1 mice. podocin-Cre ILK-fl/fl mice show occasional foot process effacement. (W, X) TEM analysis for mice 2 weeks of age. Nodular
thickening (arrow heads in panel W) in the GBM of podocin-Cre ILK-fl/fl mice is apparent. (Y, Z) SEM analysis for mice 2 weeks of age. Microvillous formations in
podocin-Cre ILK-fl/fl mice are present. The representative results of podocin-Cre ILK-fl/fl mice (podCRE(+) ILKfl/fl) and control (podCRE(−) ILKfl/fl) from 2 mice
in each group are shown.
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Fig. 7. Activation of integrin β1-FAK signaling in podocin-Cre ILK-fl/fl mice. Phospho-FAKTyr397 is induced in podocin-Cre ILK-fl/fl mice (A and D) compared to
control mice (B and E). In panel C, negative control was shown (secondary antibody only without primary antibody in podocin-Cre ILK-fl/fl mice). The primary
antibodies from Sigma (#1) or from Invitrogen (#2) are used in panels A, B or D, E, respectively. (F, G) Total FAK expression is also increased in the podocin-Cre ILK-
fl/fl mice. Enlarged image in panel F clearly indicates increased expression of FAK in podocytes. Merged image with entactin is also shown for indicating the
glomerular structure (D–G). (H) Western blot analysis for phosphorylated FAKTyr397 and total FAK. Podocin is shown as the control for glomerular proteins. Actin and
Coomassie Brilliant Blue staining are shown as the loading control. (I–L) Integrin β1 and α3 expressions in the glomerulus in the podocin-Cre ILK-fl/fl mice. (I, J)
Integrin β1 is localized in mesangial area, endothelial cell and capillary walls. There is no apparent difference in the expression of integrin β1 between podocin-Cre
ILK-fl/fl and control mice. (K, L) Compared to control mice, integrin α3 is occasionally upregulated in capillary walls of glomerulus in podocin-Cre ILK-fl/fl mice.
The representative results of podocin-Cre ILK-fl/fl mice (podCRE(+) ILKfl/fl) and control (podCRE(−) ILKfl/fl) from 3 mice in each group are shown. The samples
from 2-week-old mice are used (A–L).
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reveals increased protein expression of FAK and phosphory-
lated FAKTyr397 in podocin-Cre ILK-fl/fl mice (Fig. 7H),
suggesting that the deletion of ILK in podocyte results in the
induction of compensation adhesion pathway by integrin-FAK
system in the kidney glomerulus. These observations suggest
that loss of ILK results in compensatory upregulation of FAK
activation but this action does not protect the kidney from
glomerular dysfunction and failure.Previous reports suggest that conditional deletion of ILK in
the skin and heart results in the decreased expression of integrin
β1 (Lorenz et al., 2007; White et al., 2006), indicating the
presence of inside-out regulatory pathway connecting the ILK-
integrin β1 system. Therefore, we evaluated the expression of
integrin β1 and α3 in the podocin-Cre ILK-fl/fl mice.
Immunofluorescence study reveals that expression of integrin
β1 is not altered in podocin-Cre ILK-fl/fl mice when compared
to control mice (Figs. 7I and J), while integrin α3 is upregulated
592 K. Kanasaki et al. / Developmental Biology 313 (2008) 584–593and deposits granularly in the capillary wall of glomeruli in
podocin-Cre ILK-fl/fl mice (Figs. 7K and L), similar to the
previous report (El-Aouni et al., 2006).
Discussion
Fetal renal function is characterized by low glomerular
filtration rate (GFR) and is regulated by low blood pressure (low
mean arterial pressure), low renal blood flow and high renal
vascular resistance (Toth-Heyn et al., 2000). Upon birth, the
neonate kidney is immediately subjected to a relatively higher
blood pressure resulting in a higher GFR. Our study suggests
that the deletion of integrin β1 and ILK in podocytes does not
result in any defects in prenatal kidney development, but
immediately after birth the kidneys of these mice cannot keep
up with the increased filtration needs. It is likely that such
increased intra-glomerular microcirculation and resultant pres-
sure after birth lead to podocyte detachment from the capillary
wall causing proteinuria. Interestingly, our results also demon-
strate that such podocyte/slit diaphragm defects are accom-
panied by significant structural defects in the GBM and matrix
assembly. GBM is contributed by the glomerular endothelial
cells and also the podocytes during kidney development as two
separate layers (Abrahamson, 1987; McCarthy, 1997). Ulti-
mately, these two layers fuse to form a mature GBM
(Abrahamson, 1987; McCarthy, 1997). In the podocin-CRE
β1-fl/fl mice, the GBM remains as two layers and in many areas
it is further disrupted.
Laminins and type IV collagens are important basement
membrane constituents that bind to integrins containing the β1
chain (Miner and Yurchenco, 2004). Embryoid bodies that lack
integrin β1 cannot form heterotrimeric laminins due to an
absence of the α1 and α5 laminin chain recruitment into the
assembled basement membrane (Aumailley et al., 2000; Miner
and Yurchenco, 2004). Several different experiments from the
Yurchenco group have demonstrated that integrin β1 is required
for the proper assembly of basement membranes (Li and
Yurchenco, 2006). Integrin β1 facilitates the recruitment of
laminin initially and then possibly type IV collagen to organize
the basement membrane structure at the basolateral aspect of the
cell. Podocytes express integrin α3β1 and bind to laminin-10
and laminin-11 in the GBM (Miner and Yurchenco, 2004).
Laminin β1 is localized in the GBM of developing glomeruli but
not in mature glomeruli (Abrahamson et al., 2003). In our
studies, we demonstrate that laminin β1 expresses in the GBM of
mature glomeruli of both mutant mice, favoring the notion that
integrin β1 signaling impact GBM composition and assembly.
Deletion of integrin α3 leads to many systemic effects
including kidney defects, and the mice develop proteinuria and
die during the neonatal period (Kreidberg et al., 1996), a
phenotype also observed in the podocin-Cre β1-fl/fl mice. The
GBM defects and podocyte abnormalities in the α3 integrin null
mice are similar to the podocin-Cre β1-fl/fl mice reported here
and also similar to the podocin-Cre α3 integrin fl/fl mice
reported elsewhere (Sachs et al., 2006). Interestingly, the
podocin-Cre α3 integrin fl/fl mice die much later than the
podocin-Cre β1-fl/fl mice. Collectively, our results, in associa-tion with published reports, strongly suggest that the pre-
dominant β1 containing integrin on the podocytes is the integrin
α3β1 and this integrin is crucial for postnatal development and
function of the podocyte and proper assembly of the GBM.
ILK and FAK are important downstream regulators of
integrin β1 action (Dedhar and Hannigan, 1996; Hannigan et
al., 2005). Previous studies have demonstrated that deletion of
ILK in podocytes results in GBM defects and also progressive
renal disease (Dai et al., 2006; El-Aouni et al., 2006). ILK binds
with α-actinin-4 and regulates slit diaphragm function (Dai et
al., 2006). In these reports, deletion of ILK in the podocytes
results in death starting at 10 weeks of age with most mice living
up to 4–8 months of age. In our independent experiments,
deletion of ILK in podocytes leads to a much more severe
kidney phenotype; death is observed starting at 4 weeks of age,
and all mice die by 15 weeks of age. Our results confirm that the
absence of ILK also leads to GBM defects, suggesting that the
role of integrin β1 in the assembly of the GBM might involve
active signaling networks mediated by ILK.
In this regard, it is interesting that the podocytes of the
podocin-Cre ILK-fl/fl mice reveal an increase in FAK
phosphorylation but not in those of the podocin-Cre β1-fl/fl
mice. Such activation of FAK in podocin-Cre ILK-fl/fl mice is
opposite to observations reported for conditional deletion of
ILK in heart and skin (Lorenz et al., 2007; White et al., 2006). In
the skin and heart models, ILK deletion results in the decreased
expression of integrin β1 (Lorenz et al., 2007; White et al.,
2006), while in our study ILK ablation in podocyte does not
alter the expression of integrin β1. Therefore, kidney might
react differently from skin and heart when ILK is deleted. Such
FAK compensation in the podocytes of the podocin-Cre ILK-fl/
fl mice might explain why these mice live longer than the
podocin-Cre β1-fl/fl mice. In this regard, systemic deletion of
FAK in mice leads to a defect in mesoderm development and
embryonic lethality (Ilic et al., 1995), hence, kidney function
cannot be evaluated. Collectively, our results provide unequi-
vocal proof for the crucial role of podocyte associated integrin
β1 and ILK in the assembly of GBM and also podocyte
function.
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